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Abstract

Author Manuscript

For the 2011 FDA approved Parkinson’s Disease (PD) SPECT imaging agent I-123 labeled
DaTscan, the volume of interest (VOI) is the interior portion of the brain. However imaging of the
occipital lobe is also required with PD for calculation of the striatal binding ratio (SBR), a
parameter of significance in early diagnosis, differentiation of PD from other disorders with
similar clinical presentations, and monitoring progression. Thus we propose the usage of a
combination of a multi-pinhole (MPH) collimator on one head of the SPECT system and a fanbeam on the other. The MPH would be designed to provide high resolution and sensitivity for
imaging of the interior portion of the brain. The fan-beam collimator would provide lower
resolution but complete sampling of the brain addressing data sufficiency and allowing a volumeof-interest to be defined over the occipital lobe for calculation of SBR’s. Herein we focus on the
design of the MPH component of the combined system. Combined reconstruction will be
addressed in a subsequent publication. An analysis of 46 clinical DaTscan studies was performed
to provide information to define the VOI, and design of a MPH collimator to image this VOI. The
system spatial resolution for the MPH was set to 4.7 mm, which is comparable to that of clinical
PET systems, and significantly smaller than that of fan-beam collimators employed in SPECT.
With this set, we compared system sensitivities for three aperture array designs, and selected the 3
× 3 array due to it being the highest of the three. The combined sensitivity of the apertures for it
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was similar to that of an ultra-high resolution fan-beam (LEUHRF) collimator, but smaller than
that of a high-resolution fan-beam collimator (LEHRF). On the basis of these results we propose
the further exploration of this design through simulations, and the development of combined MPH
and fan-beam reconstruction.

I. Introduction

Author Manuscript

The 2011 FDA approval of the SPECT imaging agent I-123 labeled DaTscan (ioflupane) for
diagnosis and monitoring progression of Parkinson’s Disease (PD) [1], has opened up a new
era in SPECT brain imaging . Unlike with perfusion imaging where the entire brain is the
volume of interest (VOI), with PD the structures of interest are the putamen, caudate and
potentially substantia nigra, which lie in the central interior portion of the brain (Fig 1A).
However, imaging of the occipital lobe is also required with PD for calculation of the striatal
binding ratios (SBR) which is/are calculated as [(counts per minute (cpm) /voxel in
putamen(s) and/or caudate(s)) – (cpm/voxel in occipital lobe)] / (cpm/voxel in occipital
lobe). The SBR is a parameter of significance in the early diagnosis, differentiation of PD
from other disorders with similar clinical presentations, and monitoring progression [2–6].
Fig 1B shows the current state of clinical imaging where the putamen and caudate are not
separated in the reconstructed slices leading to difficulties in the independent calculation of
the caudate’s or putamen’s binding ratio.

Author Manuscript

As illustrated by the GE Alcyone multi-pinhole (MPH) clinical-SPECT system [7], a
dramatic gain in combined resolution / sensitivity can be obtained through imaging with
specially designed SPECT systems with multiple tailored pinhole collimators focused on
viewing the heart. Thus the proposal to design and construct such a system dedicated to
SPECT brain imaging would be a natural choice [8–14]. However, the excessive cost of
these systems, particularly for imaging procedures utilized less commonly than cardiac
perfusion imaging, is likely prohibitive. Thus we believe the time is right for disease-specific
MPH collimator designs with coupled iterative reconstruction to be employed with existing,
widely available, clinical SPECT systems. The MPH collimator would be designed to
provide enhanced spatial resolution / sensitivity for the interior of the brain. The fan-beam
collimator would provide lower resolution but complete sampling of the brain addressing
data sufficiency and allowing a volume-of-interest to be defined over the occipital lobe for
calculation of SBR’s. Combined iterative reconstruction of the images from the two
collimators would be employed to provide the slices.

Author Manuscript

In this paper we focus on the design of the MPH component of the combined system.
Combined reconstruction will be addressed in a subsequent publication.

II. Fan-Beam Component of Combined Imaging
Instead of designing a fan-beam collimator specifically for combined imaging we decided to
employ a low-energy ultra-high-resolution (LEUHR) design, which has been used very
successfully for brain imaging since the mid 1990’s with the Picker Prism3000 three-headed
SPECT system. This collimator has a 50 cm focal length, a 1.40 mm hole size, a 34.9 mm
hole length, and a 0.15 mm septal thickness.
IEEE Trans Nucl Sci. Author manuscript; available in PMC 2017 February 01.
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III. Design Constraints for MPH Brain Imaging
In designing the MPH we chose to achieve a system spatial resolution (FWHMS) of 4.7 mm
at the focal point of the apertures. This resolution was selected as it is in the range of the
resolution of current whole-body PET systems [15], which can differentiate the caudate
from the putamen and conventional SPECT currently cannot. It also resulted in sensitivity at
this location for a 3 × 3 array of apertures equal to that of LEUHR fan-beam collimators
employed clinically.

Author Manuscript

The Philips BrightView (BV) XCT is the clinical SPECT system we chose for initial testing
of this approach once developed and an MPH collimator is fabricated. Thus our design was
centered on clinical application of this system. The BV has detector heads with an imaging
field-of- view (FOV) of 54 cm laterally and 40.6 cm axially. We have observed during the
past more than 20 years usage of the Picker (now Philips) Prism3000 three-headed SPECT
system for brain imaging in our department, that a distance of 13.0 cm or less from the axisof rotation (AOR) to collimator face is employed as the radius-of-rotation (ROR) in clinical
imaging. Preliminary observations indicate this is also true on our BV system when imaging
with the head holder from Philips. Thus we designed our MPH for a 13.5 cm ROR from the
AOR to the center of the face of aperture plate, with the extra 0.5 cm as an added safety
margin. With the aperture 0.5 cm deep on the side towards the patient this results in a
distance of 14.0 cm from the AOR to the aperture.

Author Manuscript
Author Manuscript

With the ROR established, we next determined the centering and extent of the volume-ofinterest (VOI) to be imaged by our MPH system. In rotating the camera heads about a
patient it is necessary to clear the patient’s shoulders. One can do this by centering the
patient’s head axially in the FOV, and then using a large ROR to keep the collimators from
contacting the patient. However, this large ROR would cause an undue loss of spatial
resolution and sensitivity because of their strong distance dependence for pinhole
collimators [16]. To achieve the ROR of 13 cm or less which we determined is being
employed clinically on our Prism3000, the patient was moved into the imaging volume
axially just to an extent such that the camera heads stayed superior to the patients’ shoulders
during acquisition. Thus the patients’ heads were not centered axially relative to the detector,
but instead displaced caudally. Note that once patients have been moved superiorly in the
imaging volume to the maximum extent allowable for the camera-heads to continue to clear
their shoulders, they can be moved in no further. Thus our task was to determine the likely
minimum distance between the center of the striatal region we wish to image and the
superior extent of the shoulders in a patient population. This was then used for specifying
the axial level relative to the detector where the central axes of all the pinholes were to be
focused. This “focal point” of the pinholes was also the center of our design VOI. The
minimum distance was of interest as under p-scope guidance patients with a greater distance
between the center of their striatal region and shoulders can be moved out inferiorly to
center their striatum at the focal point.
The patient population we employed for the task of defining the VOI was 46 de-identified
existent I-123 DaTscan studies acquired on Prism3000 SPECT systems downloaded from
the Parkinson’s Progressive Markers Initiative (PPMI) web site [http://www.ppmi-info.org/
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data] (for up-to-date information on PPMI, visit www.ppmi-info.org). Based on the
expectation that PD occurs with a likelihood of 1.5–1.9 times greater in men than women
[17, 18], there were most likely proportionately more males than females in this study
population. We are unable to definitively provide the demographics of our population as in
the process of de-identification patient gender was hidden from us. Only 4% of patients
present with PD before an age of 50 [18]. Thus it is not a disease of childhood and we
therefore do not expect usage of combined imaging with children. The size of our population
was based on that available to us at the time we performed this analysis, and was not
selected on a statistical basis. Thus we can provide no statistical justification that this
population is of an appropriate size to base our analysis upon.

Author Manuscript
Author Manuscript

The patient acquisitions were reconstructed with our OSEM fan-beam reconstruction code
with attenuation correction and resolution recovery followed by 3D post-reconstruction
Gaussian smoothing [19]. We generated two images from these slices for each patient for
use in setting constraints on the design of our MPH system. The first was to do a parallel
reprojection of the slices to remove the lateral distortion caused by fan-beam imaging. This
was performed at each of the 120 acquisition angles the studies were acquired over 360°.
These reprojections were then summed to provide an image, which portrayed the
distribution of DaTscan in the head as seen in the projection images (minus the impact of
attenuation) when averaged over all viewing angles. These images were displayed and the
axial centers of the striatal distribution of DaTscan were indicated interactively as illustrated
in Figure 2A. From these axial centers the offsets to the known location of the caudal edge
of the detector FOV were determined. For the 46 patient studies in our population we
determined the offsets ranged from 6.1–10.7 cm, with a mean ±SD of 7.9±1.2. We therefore
selected a 6.0 cm axial offset from the caudal edge of the detector for the location of the
focal point of the pinholes. Similarly, as illustrated in Figure 2A we interactively determined
the axial extent of the striatal region about this center point. For the 46 patient studies in our
population the extent ranged from 2.8–5.0 cm, with a mean ±SD of 3.8±0.6 cm. To allow for
some degree of variability in patient positioning and still encompass the striata and
substantia nigra we chose to image the volume of 4 cm to either side of the focal point, for
an 8 cm total axial extent of our target VOI.

Author Manuscript

Brain reach is the axial distance between the side-shielding of the camera head and caudal
edge of the imaging volume. Thus it is the minimum axial extent of a patient’s anatomy lost
in brain imaging superior to the patient’s shoulders, when the camera head just clears the
shoulders during acquisition. When designing MPH collimators for brain imaging on
different SPECT systems, any difference in brain reach should be taken into consideration in
determining the axial location of the pinhole focal point for striatal imaging. Since the brain
reach of the Prism3000 (7.5 cm by our measurement) and BrightView (7.4 cm according to
the Philips Healthcare 2009 BrightView XCT Technical Specification Pamphlet) are equal
we were able to use the Prism3000 studies to determine the location of the focal point of the
pinholes on the BrightView.
With the axial center and total height (axial extent) of the VOI for imaging defined as per
above, there remained the task of determining the lateral extent of the VOI. To do this we
employed the second image generated for each of the DaTscan studies. To form this image
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we first summed all the transverse slices of the study. We then the summed the results of
rotating this image in 3° steps over 360° about the AOR, as per acquisition. The summed
image thus represented the radial variation in activity. As illustrated in Figure 2B, the lateral
extent of the striatal region for each of the 46 patients was determined interactively by
having an observer mark the two sides of the striatal region. The result was the lateral extent
in the striatal region was observed to range from 6.8–10.0 cm, with a mean ±SD of 8.4±0.9
cm. We allowed a 1 cm margin on each side of the observed maximal in the striatal region
and set the width of our VOI to be 12.0 cm in diameter.

Author Manuscript

Thus our VOI to be imaged by our MPH system was determined to be a cylindrical volume
of 8.0 cm in height and 12.0 cm in diameter. Figure 2C illustrates how well this VOI
encompasses the striatal region of an example patient in projections, and Figure 2D
illustrates that this VOI provides a margin around the edges of the striatal region transversely
in all directions.
Our final design constraint was to not allow overlap of the FOV of the apertures on the
detector, or multiplexing. This constraint will be reconsidered in future studies based upon
the investigations of others [20–23]. We have adopted a novel combined usage of loftholes
(rectangular entrance and exit ports)[24, 25] with square apertures[26, 27] for higher
sensitivity, lower penetration, and better detector surface area utilization.

III. Multi-Pinhole Designs

Author Manuscript

With the ROR and VOI design constraints established as discussed in the previous section
we designed MPH collimators for arrays of 2 × 2, 3 × 3, and 4 × 4 apertures as shown in
Figure 3. In each case we varied the distance between the apertures and detectors until the
detector area was filled to the maximum extent possible without overlap of detector
irradiation (multiplexing) by two different apertures and minimal truncation of the target
VOI was present. Figure 4 shows the resulting layout of the 3 × 3 array of apertures and their
FOV’s relative to our target VOI as seen in 4A looking along the axial direction with camera
heads at rotations of 0 and 180 degrees (side view) and in 4B looking down from above with
the two camera heads at rotations of 90 and 270 degrees (top view). The size of the
schematic outlines of the head (ellipsoid with axes of 16.1 cm in width, 23.2 cm in depth,
and 24.7 cm in height) and shoulders (53.5 cm across) shown in this figure were set to be
those of the 95 percentile value dimensions obtained from a technical report on human
engineering design data [28]. In this way, we determined the placement of the apertures,
distance between them and the detectors (a), and the distance between each aperture and the
focal point of the apertures at the center of the VOI (b).

Author Manuscript

With the magnification (M) determined as the ratio of a/b, for the three arrays of apertures
we determined the size of each aperture (d) required to yield a system resolution of 4.7 mm
for the 159 keV primary photons of I-123 [29] as imaged by a tungsten-composite [30]
square-shaped aperture [31] by

(Eq 1)
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In this equation FWHMI is the intrinsic resolution, which we took as 3.1 mm (listed as
typical value in Philips Healthcare 2009 BrightView XCT Technical Specification
Pamphlet).
Once the diameter of each aperture was determined we calculated the geometric sensitivity
(g) for a I-123 point source as imaged with a square aperture on-axis by [26, 27, 29]

(Eq 2)

for each aperture in the array, and then summed them to determine the total geometric
efficiency at the focal point of the array on the AOR. We calculated sensitivity for I-123 in
cpm/μCi based on a 0.833 abundance for the 159 keV primary photon [30], and a 0.80
photopeak detection efficiency for NaI(Tl) [31].

Author Manuscript

As shown in Table I, in comparing the three arrays we determined that the 3 × 3 pinhole
configuration provided the highest geometric sensitivity. This is because the larger d of the 2
× 2 array did not compensate for only 4 holes being employed as opposed to 9 for the 3 × 3
array. The 4 × 4 array resulted in a decrease in size of the d to reach a FWHMS of 4.7 mm
which caused a larger reduction in sensitivity than could be compensated for by the
increased number of pinholes due to the 3.1 mm intrinsic resolution of the detector.

Author Manuscript

A comparison to the standard collimators used in SPECT imaging to the 3 × 3 MPH is
shown in Table II. There resolution and sensitivity were calculated using the equations of
Moyer [16] for a point at 13.5 cm along the central axis from face of low-energy highresolution (LEHR) fan-beam, low-energy ultra-high-resolution (LEUHR) fan-beam, LEHR
parallel-hole, and LEUHR parallel-hole collimators for the Philips Prism3000 three-headed
SPECT camera, which has been a mainstay of brain imaging for many years. Note the large
improvement in spatial resolution of the MPH compared to all the fan-beam and parallelhole collimators. At the focal point, the MPH is higher in sensitivity than the LEUHR
parallel-hole collimator, while matching that of the LEUHR fan-beam collimator. Both
LEHR collimators have greater sensitivity than MPH, the LEHR fan-beam collimator by
approximately 60%.
For the 3 × 3 pinhole configuration we also investigated how the resolution (FWHMS) and
sensitivity vary with radial displacements from the center of the VOI of 2 cm, 4 cm, and 6
cm (one third, two thirds, and the outer edge of the VOI) at mid-level axially. The FWHMS
were calculated by rearranging Eq 1 as

Author Manuscript

(Eq 3)

where M now changed as a function the distance between the aperture and source. Note that
the values for resolution and sensitivity are for the MPH only, derived from planar projection
equations (not image reconstructions), and are not combined in any way with fan beam data.
The variation in these with projection angle is shown in Figure 5, and the values averaged
over 360 degree rotation are given in Table III. As can be seen from Table III, the large
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variations with rotation shown in Figure 5 are averaged out such that there is very little
change in resolution and only a modest change in sensitivity. The radial variation in
resolution with projection angle means an anisotropic system response of increasing
variation will be seen in reconstructions as one moves away from the center of the VOI. This
will likely be able to be diminished by including modeling of system response in
reconstruction [32].

IV. Discussion

Author Manuscript

The MPH design provides a spatial resolution at the focal point of the apertures
approximately equivalent to that of the current whole body PET systems. This should
provide a significant improvement in separation of the caudate and putamen, and improved
visualization of the substantia nigra compared with current LEHR and LEUHR fan and
parallel collimators employed for clinical brain imaging, at a small cost of that for a
dedicated brain-imaging system. The sensitivity is lower than that of the LEHR fan-beam
collimator but equivalent to that of the LEUHR fan-beam collimators. In future work we will
investigate if the judicious use of multiplexing can be used to significantly further improve
sensitivity for the MPH while maintaining spatial resolution and not producing artifacts [20–
23].

Author Manuscript

A numbers of investigations have been performed since the early days of SPECT on
improving the collimation employed with gamma-camera based brain imaging including
systems with longer bores to bring the end of the collimator closer to the patients head and
yet clear the shoulders [32, 33], usage of fan-beam collimation [34, 35], employing halfcone-beam collimators [36], using a combination of converging collimators [37], and by the
use of a MPH collimator [31]. The preceding MPH collimator [31] was for application to
DaTscan imaging, as is our proposed MPH. The authors set the distance between the 7.5
mm diameter aperture and the AOR to 19.3 cm to allow the aperture plate to go around the
shoulders and designed the system for a significant (over an order of magnitude) increase in
sensitivity over conventional parallel-hole collimators. This resulted in a spatial resolution of
2.06 cm FWHM at a distance of 10 cm from the face of their aperture plate, and a sensitivity
of 2,366 cpm/μCi. Note that both of these values would degrade significantly at the center of
the brain, which is 19.3 cm from the aperture plate.

Author Manuscript

Our design goal was to improve spatial resolution while approximately maintaining
sensitivity. This is because spatial resolution has a very significant impact on the apparent
contrast of structures whose smallest dimension is less than 2–3 times the FWHM of the
imaging system [33, 34]. It also impacts the ability to separate two structures which are
close to each other as illustrated in Fig 1B for the caudate and putamen. Muehllehner [35]
has shown that image contrast improved rapidly with spatial resolution improvements for
high contrast structures like in DaTscan imaging such that “significantly fewer counts are
needed to give images of comparative visual quality”. Also Mueller, et al [36], showed for
brain SPECT imaging “collimators designed for high resolution, even at substantial cost in
sensitivity, are expected to yield significant improvements”. Thus we have chosen to
optimize for improved spatial resolution by having our system move close to image the
patient with the camera-head positioned superior to the shoulders, instead of circling around
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the shoulders, and using a 2.2 mm square as opposed to 7.5 mm round aperture. However, it
is possible that one may be able to obtain PET like spatial resolution in brain SPECT and not
give up as much in sensitivity. Van Audenhaege et al. [14] in simulations determined that by
usage of resolution modeling in iterative reconstruction they were able to visualize 4 mm
hot-rods when their target resolution was 6 mm at the center of their FOV. Thus it may be
that larger apertures than those we determined herein can be employed which would result in
improved sensitivity. To answer this question we plan to perform a task-based study of
aperture size for lesion detection and quantification in DaTscan imaging before we fabricate
and test an actual MPH collimator for combined reconstruction.

Author Manuscript

Another collimation design for brain SPECT which is close to ours is the combination of a
40 cm focal length fan-beam collimator on one head with a 20 cm focal length cone-beam
collimator whose focal point is shifted inferiorly on the second head of dual-headed SPECT
systems [37]. This innovative system was also designed to provide improved sensitivity
within the central region of the brain. As shown in their figures with a 15 cm radius-ofrotation, the 20 cm focal length cone-beam collimator provides very large gains in sensitivity
compared to a parallel-hole collimator in a region around the AOR. Using the collimator
specifications given in their paper and the collimator equations in Moyer [16], we
determined this system would yield a system resolution at the AOR which is approximately
a factor of 1.5 larger than the calculated resolution of our system. The sensitivity was
estimated to be > 6 times that of our MPH design.
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In this paper we have detailed the analysis that went into our design for a MPH collimator
for combined usage with a fan-beam collimator for I-123 DaTscan imaging. We have left
discussion of the iterative reconstruction of the projection data from these two different
types of collimators to a paper on that topic. There we will address the question of to what
extent we will be able to maintain the best characteristics of the MPH collimator within our
VOI and seamlessly transition to having the region beyond our VOI preserving the features
of fan-beam imaging. We have also not considered septal penetration in this paper, even for
the 159 keV primary photons of I-123. For these penetration will increase sensitivity at the
expense of increasing the measured FWHMS (lowering spatial resolution) [38]. Thus the
sensitivity and resolution of an actual MPH collimator will differ from those given herein.
For I-123 the presence of the low-abundance photons higher in energy than the primary
photons [30] will further complicate experimental sensitivity and resolution measurements.

V. Conclusion
Author Manuscript

By analyzing 46 DaTscan clinical studies, we determined the VOI of interest for MPH
imaging of DaTscan to be a cylindrical volume 12.0 cm in diameter and 8.0 cm in height
centered axially 6.0 cm from the caudal edge of the camera detector with a 7.4 cm brain
reach. We then investigated three different arrays of apertures, and subject to the constraints
present in this paper determined a 3 × 3 aperture array to provide better sensitivity than 2 × 2
or 4 × 4 arrays designed to have the same system spatial resolution at the center of the VOI.
This design provided striatal imaging with equivalent sensitivity at the center of the VOI as a
LEUHR-fan beam collimator used for brain imaging and substantially better spatial
resolution (4.7 mm versus 7.4 mm) at this location. On the basis of these results we propose
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the exploration of further improvements in design especially a task-based study of the
aperture size, and the development of combined MPH and fan-beam reconstruction for high
spatial resolution imaging of the striatal region of the brain with I-123 DaTscan SPECT
imaging.
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Figure 1.

A. Transverse MRI slice with putamen, caudate, and region of occipital lobe labeled (source:
John Seibyl MD, Molecular NeuroImaging LLC). B. Transverse slices of I-123 DaTScan
through putamen and caudate acquired on a Philips Prism3000 with low-energy highresolution (LEHR) fan –beam collimators. Note putamen and caudate visually are not
separated.
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Figure 2.

Author Manuscript

Determination of volume of interest (VOI) for MPH collimator design using an I-123
DaTscan study acquired on a Prism3000 with fan-beam collimators. A. Illustration of the
interactive determination of the axial location of the center (pointed to by solid black arrow)
and extent (pointed to by the two dashed arrows) of the striatal distribution on the parallel
reprojection of the attenuation corrected transverse slices summed over 360°. B.
Determination of the lateral extent of the region of striatal localization is illustrated by the
locations of the two arrows on the display of the sum of all the transverse slices that was in
turn summed for rotation over 360°. C. Visualization of the height and width of the 12.0 by
8.0 cm VOI shown as the black rectangle superimposed on the image of A. Note how well
this encompasses the striatal region of this patient. D. Cross-sectional view of the VOI
(black circle) superimposed on the summed and rotated transverse slices of a patient study as
shown in B. Again note how well the striatal activity distribution fits within the VOI.
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Figure 3.

Frontal view of MPH collimators for aperture arrays of: A. 2 × 2, B. 3 × 3, and C. 4 × 4
pinholes. The 54 by 40.6 surface of the NaI(Tl) crystal beneath the MPH collimator is
shown by the gray rectangle.
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Figure 4.
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A. Side view for caudal row of apertures of 3 × 3 MPH collimator showing 12.0 cm
diameter VOI, focal point at the center of VOI, geometrical viewing limits for each aperture
and elliptical outlines depicting the head and shoulders. Also shown are the fan-beam
collimator and camera head. B. top view of center row of apertures of 3 × 3 MPH collimator
showing AOR, 12.0 × 8.0 cm diameter VOI, and geometrical viewing limits for each
aperture relative to the VOI. Also shown are the fan-beam collimator and its camera head,
and the brain reach is indicated.
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Figure 5.

Shown in A. is variation in system spatial resolution (FWHMS) and in B. is variation in
sensitivity with projection angle as a function of radial displacement from the center of the
VOI for the 3 × 3 array MPH collimator.
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Comparison of Parameters and Sensitivities of MPH Collimator Arrays
Collimator

Aperture to Detector (cm)

Average Hole Size d (mm)

g (cpm/μCi)

2×2

20.0

2.6

127

3×3

17.25

2.2

192

4×4

13.0

1.6

159
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Table II
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Comparison of System Spatial Resolution and Geometric Sensitivity for the 3 × 3 Array MPH and Fan-Beam
Collimators
Collimator

FWHMS (mm)

g (cpm/μCi)

MPH

4.7

192

LEHR-Fan

8.9

312

LEUHR-Fan

7.4

191

LEHR-Parallel

9.2

228

LEUHR-Parallel

7.6

139
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Table III
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Comparison of Average System Spatial Resolution and Geometric Sensitivity for the 3 × 3 Array MPH
Collimator with Radial Displacement
Position

FWHMS (mm)

g (cpm/μCi)

Center

4.7

192

2 cm

4.6

197

4 cm

4.6

206

6 cm

4.6

219
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